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Entanglement swapping generates remote
quantum correlations between particles that
have not interacted and is the cornerstone of
long-distance quantum communication, quantum
networks, and fundamental tests of quantum
science. In the context of spatial modes of
light, high-dimensional entanglement provides
an avenue to increase the bandwidth of quantum
communications and provides more stringent
limits for tests of quantum foundations. Here
we simultaneously swap the entanglement of
multiple orbital angular momentum states of
light. The system is based on a degenerate
filter that cannot distinguish between different
anti-symmetric states, and thus entanglement
swapping occurs for several thousand pairs of
spatial light modes simultaneously.
An integral part of a quantum repeater is the abil-
ity to entangle two systems that have not interacted – a
process referred to as entanglement swapping [1–7]. In
optics, it is accomplished by interfering two photons via
Hong-Ou-Mandel (HOM) interference [8–11], each from
a different entangled pair, in such a way that their re-
mote partners become mutually entangled. This allows
the establishment of entanglement between two distant
points without requiring single photons to travel the en-
tire distance, thus reducing the effects of decay and loss.
While quantum communication has largely been
demonstrated using two-level systems – qubits – to carry
information, the use of high-dimensional systems allows
more information to be encoded per particle. One way
to accomplish this is to encode the information in the
orbital angular momentum (OAM) of a photon. It is
routinely possible to obtain OAM states entangled in
very high dimensions [12–16], and entanglement of OAM
is easily produced via spontaneous parametric downcon-
version (SPDC) [17, 18], making OAM an ideal method
to increase information capacity [19, 20]. Other high-
dimensional systems that could increase information ca-
pacity include time bins [21], the path degree of free-
dom in waveguides [22], and hybrid entanglement [23–
26]. Recently, a number of multi-photon OAM exper-
iments have been reported, including a demonstration
of four-photon entanglement [27] and the creation of
Greenberger-Horne-Zeilinger states [28]. However, real-
ising entanglement swapping and teleportation in high
dimensions has been thought to require increasing the
photon number with dimension [29, 30], a prohibitive
constraint due to the low count rates associated with
many-photon entanglement experiments.
In this work, we perform the first implementation of
entanglement swapping of spatial states of light. We use
photons entangled in the OAM degree of freedom and
transfer entanglement from one pair of entangled pho-
tons to another, even though the final entangled pair
have not interacted with each other. We present results
for swapped entanglement in six two-dimensional sub-
spaces. Four of these subspaces did not show entangle-
ment prior to the entanglement swapping. We combine
these six subspaces into a four-dimensional mixed state
that is representative of the final state in high dimen-
sions. We outline entanglement purification schemes to
convert this mixed state into a pure high-dimensional
state, allowing scalability of our approach to any dimen-
sion without the need for additional ancillary photons,
thus providing a new approach towards high-dimensional,
long-distance secure quantum communication.
In our experiment, the goal is to establish entangle-
ment between two parties that have not interacted. We
start with two pairs of entangled photons. The first pair
is an entangled state shared by Alice (A) and Bob (B);
the second pair is an entangled state shared by Charlie
(C) and Daisy (D). Successful swapping corresponds to
transferring the entanglement from A and B to A and
D, and is equivalent to the teleportation of the state of
photon B to photon D.
We generate entangled photons using SPDC in 1-mm-
thick β-barium borate (BBO) crystals. We use two crys-
tals to generate two pairs, one in each crystal. Both crys-
tals are pumped with ≈ 700 mW of light at a wavelength
of 404 nm, resulting in two pairs of photons centred at
808 nm. The state at the output of each crystal is entan-
gled in multiple degrees of freedom, including horizontal
and vertical position, radial and orbital angular momen-
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FIG. 1. A simplified version of the experimental setup. BBO0 is pumped by a Ti:Sapphire laser to produce UV light via
upconversion. BBO1 produces a downconverted pair A and B; BBO2 produces a downconverted pair C and D. Each is
entangled in the state
∣∣Ψ+〉. The path length of B is adjusted using a translation stage (TS) such that B and C interfere on a
beamsplitter; they are projected onto the antisymmetric state when detected in coincidence in the multi-mode fibres (MMFs).
At this point, photons at A and D become entangled, which we measure using spatial light modulators (SLMs) in combination
with single-mode fibres (SMFs). Inset: A conceptual diagram of entanglement swapping. Entanglement between A and B is
transferred to A and D via interference at a beamsplitter and detection in coincidence.
tum, etc., resulting in a large multi-dimensional state
with several thousand entangled modes [16, 31]. When
we consider only the OAM index, the state is given by
[17]
|Ψ〉ij =
∞∑
`=1
c`
∣∣Ψ+−``〉ij + c0 |0〉i |0〉j , (1)
where the squared modulus of the complex coefficients,
|c`|2, is the probability to find both photons i and j in the
entangled state
∣∣Ψ+−``〉. The entangled state is given by∣∣Ψ±`k〉ij = (|`〉i |k〉j ±|k〉i |`〉j)/√2, where |`〉 represents a
photon with OAM `~.
In the experimental aspect of this work, we focus only
on the ` = ±1 and ` = ±2 subspaces, though the anal-
ysis can be easily extended to include the entire multi-
dimensional state generated by the crystal. Considering
the output of both crystals together, where the first (sec-
ond) crystal produces photons A and B (C and D), we
have the initial state given by
|Ψ〉 = (c1 ∣∣Ψ+−11〉AB + c2 ∣∣Ψ+−22〉AB)
⊗ (c1 ∣∣Ψ+−11〉CD + c2 ∣∣Ψ+−22〉CD) . (2)
Note that there is no entanglement between parties A and
D. Photons B and C are then incident on a beamsplitter,
where they undergo HOM interference. Our recent work
[11] showed that this can act as a specific filter for the
spatial modes of light, whereby any antisymmetric input
state results in antibunching and a guaranteed coinci-
dence detection. Conditioned on a coincidence between
B and C, the two-photon state between photons A and
D becomes
ρAD =K2|c1|4
∣∣Ψ−−11〉 〈Ψ−−11∣∣+K2|c2|4 ∣∣Ψ−−22〉 〈Ψ−−22∣∣
+K2|c1|2|c2|2
(∣∣Ψ−−21〉 〈Ψ−−21∣∣+ ∣∣Ψ−−12〉 〈Ψ−−12∣∣
+
∣∣Ψ−12〉 〈Ψ−12∣∣+ ∣∣Ψ−−1−2〉 〈Ψ−−1−2∣∣) , (3)
where K is a normalisation factor. The result is a statis-
tical mixture of the antisymmetric states corresponding
to all combinations of two OAM values (see Supplemen-
tary Information). Importantly, the state of A and D
now contains entanglement. When we consider a partic-
ular OAM value, for example ` = ±1, we note that the
following transformation occurs∣∣Ψ+−``〉AB ⊗ ∣∣Ψ+−``〉CD → ∣∣Ψ−−``〉AD ⊗ ∣∣Ψ−−``〉BC , (4)
indicating a successful swap of entanglement from AB to
AD. Note that in addition, the transformation swaps en-
tanglement from CD to BC. However, this entanglement
3FIG. 2. Reconstructed density matrices of the joint state of
A and D for (a) ` = ±1 and (b) ` = 2,−1. Positive values are
shown in blue, while negative values are shown in red; grey
bars indicate the absolute value is less than 0.1. The main
images show the real part of the state, while the insets show
the imaginary part.
is lost due to the absorption of the photons BC in the
detection process.
We also note that entangled states are cre-
ated that did not exist prior to the beamsplitter,
i.e.,
∣∣Ψ−−21〉 , ∣∣Ψ−−12〉 , ∣∣Ψ−12〉, and ∣∣Ψ−−2−1〉. One can see
this as the result of a transcription process where the
basis for one of the subsystems in the initial state is re-
placed by a different basis in the final state. Transcrip-
tion is commonly performed to produce OAM entangle-
ment from polarisation entanglement by imprinting one
OAM `1 on horizontally polarised light and another OAM
`2 on vertically polarised light [32]. These transcription
processes come about because of the different combina-
tions of the terms allowed in four dimensions: the photon
pair in BC (as well as the pair in AD, due to conservation
TABLE I. Fidelity and concurrence for each of the six two-
dimensional subspaces.
Subspace Fidelity Concurrence
` = ±1 0.80± 0.05 0.72± 0.06
` = ±2 0.85± 0.05 0.84± 0.06
` = −2,−1 0.83± 0.03 0.79± 0.05
` = −2, 1 0.79± 0.05 0.65± 0.08
` = 2,−1 0.72± 0.05 0.57± 0.08
` = 2, 1 0.82± 0.02 0.78± 0.05
of angular momentum) can be projected into one of six
antisymmetric states by a coincidence detection after the
beam splitter [11, 30]. See the Supplementary Informa-
tion for further details and an example of the process.
In order to verify experimentally that our scheme suc-
cessfully swaps entanglement from the photons in AB to
the photons in AD, the state of photons A and D is deter-
mined using projective measurements with a combination
of spatial light modulators (SLMs) and single-mode fibres
(SMFs). We perform tomography on the state of photons
A and D to determine the degree of entanglement. See
Methods for further experimental details.
We perform full two-qubit tomography on the ` = ±1;
` = ±2; ` = 2,−1; ` = 2, 1; ` = 1,−2; and ` = 1, 2
subspaces. We display the reconstructed density matrices
of ` = ±1 and ` = 2,−1 in Fig. 2, while the other four
can be seen in the Supplementary Information.
The fidelity of each state with the ideal state |Ψ−〉 〈Ψ−|
is an indicator of the success of the entanglement swap-
ping. The fidelities of our two-dimensional reconstructed
states are shown in Table I; they have an average fidelity
of 0.80±0.05. The maximum fidelity in our entanglement
swapped states is dictated by the visibility of our HOM
dip (see Methods), which is comparable to the visibility
obtained in other experiments [28].
Concurrence is a convenient measure of entanglement
for two dimensional subspaces (see Methods); nonzero
concurrence indicates the existence of entanglement, with
unit concurrence indicating maximal entanglement. We
find a nonzero concurrence for all of the subspaces we
reconstruct, as shown in Table I; the average is 0.7± 0.1.
This nonzero concurrence indicates successful swapping
in multiple two-dimensional subspaces.
In order to estimate the four-dimensional state, we sum
the density matrices of the six subspaces together accord-
ing to Eq. (3). The resulting state is shown in Fig. 3. The
elements of the matrix that remain unmeasured are ex-
pected to be zero; these do not affect the fidelity of the
final state as measurement of the fidelity requires only
the diagonal elements and off-diagonal non-zero elements
[28]. The fidelity of our estimated state with respect to
the state in Eq. (3) is 0.85±0.02, indicating a good over-
lap between the states.
4FIG. 3. Estimated density matrix of the joint state of A and
D for the four-dimensional space with ` = ±1,±2. (a) The
state estimated using the reconstructed density matrices of
all six two-dimensional subspaces in Eq. (3). (b) The the-
oretical prediction using the experimentally observed spiral
bandwidth. Positive values are shown in blue, while nega-
tive values are shown in red; grey indicates the element is
unmeasured in (a) or zero in (b).
As our work is the first demonstration of entanglement
swapping for spatial states, it represents an important
first step towards realising a quantum repeater for spatial
modes of light. Moreover, we note that entanglement
swapping implies that teleportation has also taken place.
In fact, specific single-photon teleported states have been
measured in this work, and these states can be extracted
from the two-photon reconstructed states shown in Fig. 2.
In our implementation, the final state between pho-
tons A and D is a mixture of all possible two-qubit anti-
symmetric entangled states |Ψ−〉. Considering the multi-
dimensional nature of the light generated by SPDC, we
estimate there to be several thousand entangled modes in
this state [15, 16]. To experimentally measure this num-
ber of modes, one needs to take into account both the
OAM and radial indices.
For the future, in contrast to previous work [30], it is
possible to achieve a final state between photons A and
D that is pure, i.e., a high-dimensionally entangled state
analogous to that of Eq. (1). An additional BBO crys-
tal can be used to up-convert photons B and C [33]. If
the up-converted photon is detected in the ` = 0 mode,
photons A and D are projected into a pure state. Such
a mechanism generates pure high-dimensional entangle-
ment without the need for additional photons. Further
details of this mechanism are detailed in the Supplemen-
tary Information.
Furthermore, the present method generates entangle-
ment between modes that were not entangled in the par-
ent photon pairs and thus provides the ability to tran-
scribe entanglement as explained in the Supplementary
Information. We believe that the correlations between
photons that have not interacted with each other will find
applications in remote state engineering, remote ghost
imaging, and multi-party quantum key distribution.
In conclusion, we have demonstrated for the first time
entanglement swapping of OAM states of light. We have
confirmed the completion of the entanglement swapping
by performing complete tomography of the final entan-
gled pair in multiple two-dimensional OAM subspaces.
For all of the subspaces that we consider, we measure a
final concurrence greater than zero, indicating that our
swap was successful. This result confirms that we have
achieved entanglement swapping for multiple OAM sub-
spaces. For each subspace, we obtained an average fi-
delity of 80% between the reconstructed state and the
maximally entangled antisymmetric state. This can be
viewed as the first step to building a quantum repeater
with spatial modes of light, an essential ingredient for
broadband long-distance quantum communication.
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METHODS
Experimental Details
As seen in Fig. 4, our experiment uses a pulsed
Ti:sapphire laser (Coherent Chameleon Ultra II) centred
at 808 nm, with a pulse width of 140 fs and a repetition
rate of 80 MHz. We image the output plane of the laser
to the beginning of our setup using two lenses of focal
length 1000 mm (L1000). Using a lens of focal length
75 mm (L75), we focus the laser into a 0.5-mm-thick
β-barium borate (BBO) crystal (BBO0). The resultant
sum frequency generation produces ≈ 700 mW of ultra-
violet (UV) light at 404 nm. We focus the upconverted
light through a 100-µm circular aperture (spatial filter
SF) using a 100-mm lens. The light that passes through
the aperture is collimated with a 50-mm lens. The spa-
tial filtering at the aperture ensures that the pump beam
used for the downconversion has a Gaussian beam pro-
file. The remaining infrared light is removed using two
consecutive bandpass filters BF1 (10-nm width centred
at 405 nm).
The UV light is used to pump a 1-mm BBO crystal
(BBO1), producing pairs of photons at 808 nm via type-
I, near-collinear SPDC. The remaining UV light is de-
flected using a dichroic mirror, and the downconverted
light continues on through lens L200 and bandpass filter
BF2 (3-nm width centred at 808 nm). It is then split
using a D-shaped mirror so that one photon continues on
as photon B and the other is reflected as photon A.
Photon B strikes two mirrors on a motorised transla-
tion stage (TS) for precise path length adjustment. Pho-
ton B then passes through a 400-mm lens (L400) before
striking a non-polarising beamsplitter (BS) in the image
plane of BBO1. Meanwhile, photon A passes through
L400 before striking SLM A in the image plane of BBO1.
SLM A is imaged to a single-mode fibre (SMF) using
L400 and a 2-mm lens (L2).
After being deflected by the dichroic mirror, the UV
light then pumps a second 1-mm BBO crystal (BBO2),
after which it is filtered out using longpass filter LF (cut-
off wavelength 750 nm). A second pair of photons at 808
nm is produced via SPDC and passes through lens L150
and bandpass filter BF2. It is then split with a D-shaped
mirror so that one photon continues on as photon D and
the other is reflected as photon C.
Photon D passes through a 300-mm lens (L300) before
striking SLM D in the image plane of BBO2. SLM D is
imaged to an SMF using L400 and L2. Photon C passes
through L300 before striking the BS in the image plane
of BBO2.
Here photons B and C undergo Hong-Ou-Mandel
(HOM) interference; the exact position of the HOM inter-
ference dip is identified by moving the translation stage
in path B until a drop in the four-photon coincidence
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FIG. 4. A detailed schematic of the experimental setup. Abbreviations can be found in the Methods section.
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FIG. 5. Hong-Ou-Mandel interference of photons in the state
` = 0. We fit a Gaussian curve centred at 11.42 µm with a
visibility of 0.71. Error bars correspond to Poisson statistics
in the count rate.
rate is observed. This HOM dip is shown in Fig. 5. Af-
ter the BS, the new paths B′ and C′ are each imaged to
multi-mode fibres (MMFs) using L400 and L2.
Each of the four fibres is connected to a single-photon
avalanche detector (SPAD, Excelitas SPCM-800-14-FC),
which is in turn connected to a coincidence detection sys-
tem (HydraHarp). The average count rate for the ` = ±1
subspace is 0.04 Hz, while the average count rate for the
` = ±2 subspace is 0.01 Hz.
The combined two-dimensional state of photons A and
D is determined by displaying holograms of four OAM
states on each SLM in turn: |`1〉, |`2〉, (|`1〉 + |`2〉)/
√
2,
and (|`1〉 + i |`2〉)/
√
2. Using the 16 resulting measure-
ments, we reconstruct the density matrix using quantum
state tomography.
Spatial light modulators
The OAM of light can be measured with the combina-
tion of a spatial light modulator and a single-mode fibre.
An SLM displays a computer-generated hologram of an
OAM mode `SLM ; the phase displayed by the SLM is
added to that of the incident light. Any reflected light
with OAM ` = 0 will successfully couple into the fibre.
The detected light then must have had OAM ` = −`SLM
prior to striking the SLM.
Fidelity vs. Visibility
The fidelity of a density matrix ρ with another density
matrix σ is
F = Tr
(√√
ρσ
√
ρ
)2
. (5)
Unit fidelity indicates perfect overlap between the states,
while zero fidelity indicates no overlap between the states.
The visibility of the HOM dip limits the quality of
results. With a visibility of V , the entanglement swap-
ping only occurs V% of the time. Then (1 − V )% of
71.0
1.0
0.8
0.8
0.6
0.6
0.4
0.4
0.2
0.2
0
0
Fi
de
lit
y
Visibility
FIG. 6. Fidelity of the predicted state with the ideal state
as a function of visibility. Green points correspond to the
fidelities of the six two-dimensional subspaces and have un-
certainties as shown in table I. The orange point corresponds
to the measured four-way visibility.
the time, the interference at the beamsplitter is unsuc-
cessful, and the resultant four-way coincidences represent
uncorrelated noise. Under this assumption, the total two-
dimensional state measured is then given by
ρAD = V
∣∣Ψ−〉 〈Ψ−∣∣+ (1− V ) I
4
, (6)
where I is the identity matrix.
The fidelity of the predicted state ρAD with the ideal
state |Ψ−〉 〈Ψ−| as a function of visibility is shown in
Fig. 6. A visibility of approximately 71% as in our ex-
periment produces a fidelity of 78%, which is consistent
with our results.
Concurrence
The concurrence of a density matrix ρ is calculated by
first obtaining a matrix
R =
√√
ρ ρ˜
√
ρ , (7)
where ρ˜ = (σy ⊗ σy)ρ∗(σy ⊗ σy). Here σy represents the
Pauli spin matrix and ρ∗ represents the complex conju-
gate of ρ. The eigenvalues of the matrix R are denoted
λ1, λ2, λ3, λ4 in decreasing order. Then the concurrence
of ρ is
C(ρ) = max(0, λ1 − λ2 − λ3 − λ4). (8)
Nonzero concurrence indicates the state is entangled.
Unit concurrence indicates a maximally entangled state.
Background subtraction
1. Expected 4-way coincidence
Consider a laser with a repetition rate of R pumping
a nonlinear crystal to generate an entangled photon pair
A and B via SPDC. If CAB is the number of coincidence
events per second detected between detectors A and B,
then CAB/R is the probability that a coincidence event
will be detected (or generated1) from a single laser pulse.
Now consider the same laser pulse pumping a second
crystal to generate a second pair of photons. The prob-
ability to detect/generate these two uncorrelated photon
pairs from the same laser pulse, with one pair detected
at detectors A and B and the other at C and D, is given
by
CABCCD
R2
. (9)
Then the rate per second is given by Eq. (9) multiplied
by the repetition rate R, which gives
CABCCD
R
. (10)
In our experiment a photon pair generated by BBO1
can be detected in coincidence by detectors A&B or
A&C, and a second pair generated by BBO2 can be
detected by detectors B&D or C&D, so we add all the
combinations that can result in coincidence between all
4 detectors. Therefore the number of 4-way coincidence
events per second generated by two entangled photon
pairs is
1
R
(CABCCD + CACCBD) . (11)
2. Background of 4-way coincidence
There are two ways in which 4-way coincidence events
can be generated from uncorrelated/non-entangled pho-
tons. Firstly, a 2-way coincidence event from entangled
photons can be detected together with two uncorrelated
single detection events. Secondly, four uncorrelated sin-
gle events can be detected in coincidence. Thus from
Eq. (11) we find the expected number of background
events per second to be
1
R2
(CABSCSD + SASBCCD + CACSBSD + SASCCBD)
+
1
R3
(SASBSCSD) , (12)
1 The probability of detection and generation differ only by a con-
stant factor, the detection efficiency, so any expression worked
out for the one should be proportional to the other.
8where Si is the number of single events per second de-
tected in detector i. We subtract the calculated number
of background counts from the measured data to obtain
the actual number of counts. Occasionally with count
rates that are expected to be very low, the measured
number of counts is smaller than the expected number
of background counts; in this case, we replace the count
rate with zero.
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9SUPPLEMENTARY INFORMATION:
ENTANGLEMENT SWAPPING FOR ORBITAL
ANGULAR MOMENTUM MODES
The state of the two photon pairs produced by spon-
taneous parametric downconversion (SPDC) in paths A,
B and C, D, respectively, can be written as
|ψ0〉 =
(
c0 |0〉A |0〉B +
∑
n
cn
∣∣Ψ+nn〉AB
)
⊗
(
c0 |0〉
C
|0〉
D
+
∑
m
cm
∣∣Ψ+mm〉CD
)
, (13)
where cn represents complex coefficients, we use the no-
tation n := −n and∣∣Ψ±``′〉 := 1√2 (|`〉 |`′〉 ± |`′〉 |`〉) , (14)
denote symmetric and antisymmetric Bell states with a
plus and a minus sign, respectively.
The photons in path B and path C are subjected to a
50 : 50 beam splitter which superposes the two beams.
The inversion of the helicity of the OAM modes, `→ −`,
upon reflection in the beam spitter is compensated by two
additional reflections employing a mirror in path B before
and another one in path C behind the beam splitter (cp.
Fig. 1 in the main text). The action of the beam splitter,
combined with both mirrors, is thus characterised by the
transformation rules2
|`〉
B
→ 1√
2
(|`〉
C
− |`〉
B
)
(15)
|`〉
C
→ 1√
2
(|`〉
B
+ |`〉
C
)
(16)
Using these transformation rules on the input state in
(13), we obtain a state after the beam splitter, under the
condition that each output path of the beam splitter con-
tains a single photon,3 that only consists of antisymmet-
ric photon pairs. For d-dimensions, one can expression it
as
|ψ1〉 =K
[
N∑
n=1
c2n
∣∣Ψ−nn〉AD ∣∣Ψ−nn〉BC − N∑
n=1
c0cn
(∣∣Ψ−0n〉AD ∣∣Ψ−0n〉BC + ∣∣Ψ−0n〉AD ∣∣Ψ−0n〉BC)
−
N∑
m 6=n=1
cmcn
(∣∣Ψ−nm〉AD ∣∣Ψ−nm〉BC + ∣∣Ψ−nm〉AD ∣∣Ψ−nm〉BC + ∣∣Ψ−nm〉AD ∣∣Ψ−nm〉BC + ∣∣Ψ−nm〉AD ∣∣Ψ−nm〉BC)
 , (17)
where K is a normalization constant that compensates
for the loss of the terms with two photons in the same
output path of the beam splitter and d = 1 + 2N . In the
case where we only consider ` = ±1,±2, we have
|ψ1〉 =
K
[
c21
∣∣∣Ψ−
11
〉
AD
∣∣∣Ψ−
11
〉
BC
+ c22
∣∣∣Ψ−
22
〉
AD
∣∣∣Ψ−
22
〉
BC
− c1c2
(∣∣∣Ψ−
12
〉
AD
∣∣∣Ψ−
12
〉
BC
+
∣∣∣Ψ−
12
〉
AD
∣∣∣Ψ−
12
〉
BC
+
∣∣Ψ−12〉AD ∣∣∣Ψ−12〉
BC
+
∣∣∣Ψ−
12
〉
AD
∣∣Ψ−12〉BC
)]
. (18)
Simultaneous detection of a single photon in each of the
two output ports of a symmetric beam splitter causes a
2 We denote the original before the beam splitter and the reflected
path thereafter by the same letter. Accordingly a photon in the
input port B exits in path B upon reflection and in path C upon
transmission.
3 The photons in paths B and C are detected in coincidence.
projection onto the antisymmetric component of the in-
put state (cp. Ref [18] in the main text). The dimen-
sion of the corresponding antisymmetric state space is
given by the number of ways in which the OAM values
of the input space can be combined into pairs of `’s to
form an antisymmetric state
∣∣Ψ−``′〉. For example, four
OAM values would give six antisymmetric basis states,
featuring in the BC-components of the state in (17). On
the other hand, the antisymmetric basis states also fea-
ture as components of the photon pair in AD, because
the OAM must sum to zero in each term of the state.
In general, considering d OAM levels, we can produce a
state of the form given in (17) with our setup consisting
of d(d−1)/2 antisymmetric basis states that involve both
photon pairs.
Note that the state expressed in (17) represents the
Schmidt decomposition of an entangled state, i.e., it has
the form
|ψ1〉 =
∑
i
ci |φi〉AD |φi〉BC , (19)
where the Schmidt bases are photon pairs in AD and BC,
respectively. So, apart from the entanglement among the
10
different pairs, there is also the maximal entanglement
within the pairs between the single photons.
The detection of the photons in paths B and C without
measurement of their OAM values, results in a statisti-
cal mixture of the antisymmetric states obtained from
the state in (17). By tracing over the OAM degrees of
freedom of the photons in paths B and C, we obtain for
d-dimensions
ρAD =K2
[
N∑
n=1
|cn|4
∣∣Ψ−nn〉 〈Ψ−nn∣∣+ N∑
n=1
|c0|2|cn|2
(∣∣Ψ−0n〉 〈Ψ−0n∣∣+ ∣∣Ψ−0n〉 〈Ψ−0n∣∣)
+
N∑
m 6=n=1
|cm|2|cn|2
(∣∣Ψ−nm〉 〈Ψ−nm∣∣+ ∣∣Ψ−nm〉 〈Ψ−nm∣∣+ ∣∣Ψ−nm〉 〈Ψ−nm∣∣+ ∣∣Ψ−nm〉 〈Ψ−nm∣∣)
 . (20)
Restricted to ` = ±1,±2, the result reduces to
ρ
AD
=K2|c1|4
∣∣∣Ψ−
11
〉〈
Ψ−
11
∣∣∣+K2|c2|4 ∣∣∣Ψ−22〉〈Ψ−22∣∣∣
+K2|c1|2|c2|2
(∣∣∣Ψ−
12
〉〈
Ψ−
12
∣∣∣+ ∣∣∣Ψ−
12
〉〈
Ψ−
12
∣∣∣
+
∣∣Ψ−12〉 〈Ψ−12∣∣+ ∣∣∣Ψ−12〉〈Ψ−12∣∣∣) . (21)
The projection onto the antisymmetric space of the pho-
tons in B and C, transfers entanglement between the sys-
tems in A and B to the remote systems in A and D, which
were not entangled before. This constitutes entanglement
swapping.
We note that, by using a filter in paths A and D
that projects onto any two-dimensional subspace with
OAM values {`, `′}, one obtains an antisymmetric state
|Ψ−`,`′〉AD , which is maximally entangled. Such a filter in
front of the detectors in paths B and C could be used
to prepare a particular antisymmetric state remotely in
paths A and D. A similar procedure could be exploited
for various purposes of quantum communication between
three or four parties, such as secure bit commitment or
QKD protocols.
By means of particular filters for photons in BC, it is
also possible to obtain a pure state with a multitude of
entangled levels instead of a mixture in AD. For example,
projecting on a superposition of singlet states
∣∣Ψ−nn〉 in
BC results, as shown below, in a superposition of such
states in AD. According to Eq. (17), the state of photons
in BC after the beamsplitter reads
|Ψ1〉 =
∞∑
n=1
αn |n〉
AD
⊗ |n〉BC + . . . (22)
with |n〉 ≡ ∣∣Ψ−nn〉 and αn ≡ Kc2n, where components∣∣Ψ−n,m〉 with different OAM values n 6= m are not men-
tioned explicitly. A filter in BC projecting onto the state
|x〉 ≡ (∑Nn=1 |n〉)/√N leads to
|Ψ1〉 → (1AD ⊗ |x〉BC 〈x|) |Ψ1〉
=
1√
N
∞∑
n=1
N∑
m=1
αn |n〉AD ⊗ |x〉BC 〈m|n〉BC
=
(
1√
N
N∑
n=1
αn |n〉AD
)
⊗ |x〉BC . (23)
The resulting state of the photons in AD,
∑N
n=1 α˜n |n〉 ≡∑
α˜n
∣∣Ψ−nn〉 (with normalised coefficients α˜n =
c2n/
√∑
n |c2n|2), is a pure entangled state of Schmidt rank
N . Such a filter could be realised, e.g., by parametric
up-conversion of the photon pair in AD to a photon of
double the frequency (the inverse process to SPDC) and
subsequent measurement of its OAM, conditioning on the
OAM value ` = 0.
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| − 1, 1 + |1,− 1 | − 2, 2 + |2,− 2
|1,− 2 | − 2, 1
| − 1, 2 |2,− 1
FIG. 7. Example of the transcription process. We start with the entangled states
∣∣Ψ+−11〉AB and ∣∣Ψ+−22〉CD. After the
beamsplitter and projection onto the appropriate anti-symmetric state
∣∣Ψ−−12〉, the state between photons A and D is ∣∣Ψ−−21〉.
The OAM values shown in green become the OAM values in the state projected onto B and C. The OAM values shown in
purple become the OAM values in the state between photons A and D. States shown without normalisation for clarity. The
density matrices show the corresponding maximally entangled states.
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FIG. 8. Reconstructed density matrices of the joint state of A and D for (a) ` = ±2, (b) ` = −2, 1, (c) ` = 2, 1, and (d)
` = −2,−1. Positive values are shown in blue, while negative values are shown in red; grey bars indicate the absolute value is
less than 0.1. The main images show the real part of the state, while the insets show the imaginary part.
